The electrostatic levitation furnace is under development for the International Space Station. Since metallic samples can be levitated under terrestrial conditions, the main target in microgravity are oxides, which are difficult to levitate in 1-G. Thermophysical properties such as density, surface tension, and viscosity of molten oxides at high temperature will be measured in the ISS. In this paper, some key techniques necessary for the ISS-ELF are introduced. Also, preparatory works and considerations necessary for ISS experiments are discussed.
Introduction
The use of a containerless technique for materials processing has many technological and scientific advantages. The absence of a crucible allows the handling of chemically reactive materials such as molten refractory metals, alloys, semiconductors, or oxides and eliminates the risk of sample contamination in overheated as well as in undercooled states. The lack of a crucible also suppresses nucleation induced by the walls of a container (heterogeneous nucleation) thus increasing the possibility of producing new materials such as metallic glasses. Several levitation methods, including acoustic 1) , electromagnetic 2) , aerodynamic 3) and electrostatic 4) have been applied for containerless processing in space as well as on the ground. Japan Aerospace Exploration Agency (JAXA) has been designed and developed the electrostatic levitation furnace since 1993. Through a sounding rocket experiment conducted in 1997 5, 6) and following ground-based research, several key technologies necessary for stable sample positioning and scientific diagnostics have been developed 7, 8) . Currently, a electrostatic levitation furnace for the International Space Station (ISS-ELF) is under development 9) , in which molten oxide materials in high temperature will be handled. This paper explains some key technologies necessary for the ISS-ELF, and sample preparation procedures for the experiments in the ISS.
Electrostatic Levitation Method
The electrostatic levitation method utilizes the Coulomb force between the sample and surrounding electrodes to cancel the gravity force. Fig. 1 illustrates the hardware arrangement for the position control on the ground based electrostatic levitation system 4) . A positively charged sample was levitated between a pair of parallel disk electrodes (top and bottom electrode), typically 10 mm apart, which were utilized to control the vertical position of the specimen. The typical sample size was 2 mm in diameter and an electrical field of around 8 to 15 kV/m was necessary to levitate it against gravity. In addition, four spherical electrodes distributed around the bottom electrode were used for horizontal control. Since the electrostatic scheme can not produce a potential minimum, a feedback position control system was necessary. Position sensing was achieved with a set of orthogonally disposed laser that projected a sample image on a position sensor. The beam of a He-Ne laser was expanded and impinged on a levitated sample. The size of the resulting sample shadow was optimized with a lens to cover the area of the sensor such that a good dynamic range was obtained. In addition, a polarization filter was used to optimize the laser intensity reaching the sensor. The sample position information read by the sensor was then fed to a computer and analyzed by a program. The program used PID (Proportional Integral Derivative) servo algorithms for implementing the feedback system, thus allowing a sample to maintain a fixed position in time. The computer then computed new values of voltages for each electrode. The typical feedback rate was around 100 to 1000 Hz for the vertical direction.
Key Technologies for the ISS-ELF
In order to apply the ground-based techniques to the ISS-ELF, several modifications described below are necessary due to size / power constraints of ISS, safety requirements of ISS, and microgravity environments. Fig. 2 shows the conceptual image of the processing chamber which contains electrodes and a sample. Since there is no preferential gravity direction in the ISS, arrangement of electrodes is isotropic along the three dimensions. In order to minimize the chamber size, observation windows are also isotropically distributed.
Electrodes / chamber

Position sensor
Accurate and high speed position sensing is one of the most important functions for electrostatic levitation. Measurement rate around 1000 Hz is required. PSD (Position Sensing Device, shown in Fig. 3 ) is commonly used in the ground-based electrostatic levitators. However, better signal to noise ratio (S/N) is required in the ISS-ELF. A high speed camera (shown in Fig. 3 ) combined with high speed image analysis hardware can satisfy the ISS-ELF specification in terms of S/N, but this system is too large to install in the ISS-ELF. The Intelligent Vision System (IVS) by Hamamatsu Co. Ltd. is a current solution which meet both S/N and size requirements.
UV source
The levitated sample tends to lose its surface charge during heating. Therefore, a system to supply charge to the sample is inevitable for stable levitation. Photoelectric charging induced by an Ultra violet (UV) source is commonly used to maintain the sample charge.
High power mercury lamps are used in the ground-based ELF. However, it is hard to accommodate this lamp due to the safety concern on spillage of toxic liquid mercury. A deuterium lamp has been selected taking into account its efficiency, size, and ISS safety requirements.
Heating laser
Selection of heating laser with small size and high efficiency is one of the most critical items for the ISS-ELF because space and power are restricted. As far as the wavelength is concerned, CO 2 laser with 10.6 m wavelength is the best selection for oxide materials. However CO 2 lasers commercially available are too big to install in the ISS-ELF. Moreover, since no suitable optical fiber is available for this wavelength, mirrors have to be used to introduce laser beam to the chamber. The optical system with mirrors has to be stiff enough to withstand the vibration at the launch, otherwise crew tasks are needed to adjust the optical alignment. Therefore, this system is not realistic.
A compact semiconductor laser (n-LIGHT Pearl TM series) was found to meet with the size and power requirements.
Optical fiber can be used to this laser so that above mentioned concern will not arise. The only issue is its wavelength (980 nm). Generally, oxide materials will not absorb this wavelength well. Therefore, compatibility between samples and the heating laser should be checked during the ground-based preparation. 
Sample insertion/retrieval
Sample handling from/to sample cartridge and the electrodes in microgravity is one of the key techniques to be developed. Fig. 4 describes the technique on the ground. A sample can be set on the bottom electrode using gravity. After the experiment, the processed sample can be retrieved to the sample holder just by turning off the electric field and letting the sample fall. In microgravity, these techniques can not be used. Fig. 5 shows the current concept of sample insertion and retrieval in microgravity. A sample will be pushed by a rod and inserted into the levitation field. The sample will hit the bottom electrode and get positive charges on its surface. After the experiment, the sample will be thrown to the sample holder by Coulomb force. This technique has been verified during the parabolic flight experiments where microgravity conditions can be obtained for 20 s (Fig. 6 ).
Sample Preparation
Before conducting levitation experiments in the ISS, several preparatory works will be necessary to ensure that the samples meet with safety requirements as well as that the samples are compatible with the hardware.
At first, evaporation of samples should be low enough to satisfy the safety requirements. Since the chamber will be contaminated with the sample vapor, low evaporation is also important to reduce the maintenance time and cost. Therefore, evaporation rate of samples should be measured on the ground as the first step of sample preparation. Samples with high evaporation rate will be eliminated from the candidate to the ISS.
Secondly, samples should be optically compatible with the heating laser and pyrometer. Samples should sufficiently absorb 980 nm light from the heating lasers. Temperatures of samples should be measured by the pyrometer which measures the light intensity around 1.5 m in wavelength. A gas levitation system combined with a heating laser and a pyrometer ( Fig. 7) will be used for the above mentioned compatibility tests and preparatory works.
Moreover, the spectral emissivity of the samples will be measured by a FTIR (Fourier Transform Infrared Spectroscopy) 10) so that the temperatures of the samples can be accurately measured in the ISS.
Vibration tests will be conducted to check that samples will withstand the vibration during ascent to the ISS.
Finally, spherical samples for the flight experiments will be prepared. Since it is very difficult to remove bubbles inside molten samples in microgravity, bubbles in the samples should be eliminated as much as possible on the ground.
Conclusions
Some key technologies necessary for the ISS-ELF and sample preparation procedures are discussed. The ISS-ELF is currently under development and will be operational onboard Trans. JSASS Aerospace Tech. Japan Vol. 12, No. ists29 (2014)
Th_18 the ISS around 2015.
